Abstract Seven patients with similar phenotypes of developmental delay and microcephaly were found by whole-exome sequencing to have de novo loss-of-function mutations in POGZ. POGZ is a pogo transposable element-derived protein with a zinc finger cluster. The protein is involved in normal kinetochore assembly and mitotic sister chromatid cohesion and mitotic chromosome segregation. POGZ deficiency may affect mitosis, disrupting brain development and function.
INTRODUCTION
De novo mutations are increasingly recognized to play an important role in sporadic, severe neurodevelopmental disorders because of the deleterious effect on reproductive fitness (Veltman and Brunner 2012) . For genetically heterogeneous disorders such as developmental delay and intellectual disability (ID), whole-exome sequencing (WES) can identify a genetic etiology in up to 30% of cases when chromosomal array and fragile X testing are normal (Yang et al. 2013 (Yang et al. , 2014 . When analyzed together with parental samples, WES readily identifies de novo variants. Here we describe seven patients with a similar phenotype of developmental delay and microcephaly, six of whom have de novo predicted loss-of-function mutations in pogo transposable element with ZNF domain (POGZ). POGZ is located on Chromosome 1q21.3 and is a transposable element with a zinc finger domain involved in kinetochore assembly and mitotic sister chromatid cohesion and mitotic chromosome segregation (Nozawa et al. 2010) .
RESULTS
For 2415 patients referred for clinical WES for neurodevelopmental disorders, exome sequencing produced an average of ∼9.0 Gb of sequence per sample. Mean coverage of captured regions was ∼96× per sample with >96% covered with at least 10× coverage, an average of 94% of base call quality of Q30 or greater, and an overall average mean quality score of >Q36 (Supplemental Table S1 ). Filtering of common SNPs (>10% frequency present in 1000 Genomes database) resulted in approximately 5500 variants per proband sample. Seven unrelated patients were found to have heterozygous changes in POGZ that are predicted to be deleterious, 0.29% of the cases referred for neurodevelopmental disorders. In these families, 230 genes (289 unique sequence changes) of interest were identified across five families when considering all possible modes of inheritance (Table 1) . Because parental samples were not available for Patient 5, inheritance of variants could not be determined, so those data are not included in Table 1 . Data from Patient 6 were not included in Table 1 because the heterozygous loss of function of POGZ was the result of a copy-number variant (Retterer et al. 2014 ). Evaluation of the 230 genes eliminated 229 genes that did not segregate with the phenotype in the family, leaving one gene for which there was clinical overlap of the patients' phenotype.
The seven patients in this report all have novel variants predicted to cause loss of function including frameshift and nonsense mutations and one patient with a heterozygous deletion of exons 4-19 (Fig. 1) . In six patients the POGZ variant was de novo while the inheritance could not be determined in the seventh patient because parental samples were not available for testing. None of these variants are observed in approximately 6500 individuals of European and African American ancestry in the NHLBI Exome Sequencing Project, in ExAC, or in our own local database of 8800 exomes from unrelated unaffected adults, indicating that these variants are not common. In the six patients for whom parents were available, these variants are de novo. In addition, Individual 3 was found to be hemizygous for an inherited variant in the ZNF81 gene, located on the X chromosome. Although this gene may be associated with ID based on one missense variant reported previously, variants in this gene have also been frequently seen in the NHLBI Exome Sequencing Project; therefore, it is more likely that the POGZ variant explains the ID in this individual, although the ZNF81 variant cannot be completely ruled out. Individual 6 has a deletion involving exons 4 through 19 of POGZ, and it also encompasses part of the PSMB4 gene that has not previously been associated with any phenotypic consequences. 
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Molecular Case Studies
The phenotype of the seven unrelated patients with predicted loss of function rare variants in POGZ that are predicted to be deleterious are similar (Table 2 ). The patients range in age from 1 to 16 yr old. All seven patients are developmentally delayed including significantly delayed walking and talking. Six patients whose cognitive status was known have intellectual disabilities based on clinician report from standardized measures such as developmental or intelligence quotients. Head circumferences ranged from <3 percentile to 25 percentile, and three patients are microcephalic, with an additional four patients with head circumferences at the 3 percentile to 25 percentile. Six patients whose muscle tone is known are hypotonic. Six patients have dysmorphic facial features, including hypertelorism and bushy eyebrows as well as some patients who were noted to have a tented upper lip, short philtrum, and abnormal nose (underdeveloped alae, short nose, broad nasal bridge) (Fig. 2) . A distinguishing physical feature is the hands with broad and/or adducted thumbs and syndactyly, which is present in five patients. Three out of five patients who had brain MRIs were found to have abnormalities. One patient has polymicrogyria, one has a small optic chiasm, dysplasia of cerebellum, and periventricular white matter injury, and another has cortical atrophy and atrophy of the corpus callosum. Three patients have cyclic vomiting. Less commonly reported clinical features include behavioral abnormalities (autism, anxiety, and attention deficit hyperactivity disorders), contractures, failure to thrive, and migraines.
DISCUSSION
Patients from seven independent families with a similar phenotype of severe developmental delay and small head size were all found to have likely gene damaging mutations in POGZ that were de novo in all six cases evaluable.
POGZ is essential for normal kinetochore assembly, mitotic sister chromatid cohesion and mitotic chromosome segregation (Nozawa et al. 2010) . POGZ modulates mitotic progression at multiple steps, and most of its regulatory roles are tightly linked to the chromosomal passenger complex (CPC) (Nozawa et al. 2010) . CPC is composed of four different subunits, including Aurora B that regulates key events during mitosis (Carmena et al. 2012) . It is dynamically localized at different times during mitosis to ensure the effective and spatially restricted phosphorylation of substrates (Carmena et al. 2012) . During interphase, CPC targets heterochromatin protein 1 α (HP1α), which interacts with chromatin, maintains heterochromatin structure, and is localized to pericentromeric heterochromatin and chromosome arms (Yamagishi et al. 2008; Prasanth et al. 2010; Carmena et al. 2012) . When entering mitosis, HP1α and CPC are dissociated from the chromosome arms. POGZ, competing with PxVxL-domain proteins, binds to HP1α. When POGZ binds HP1α, the HP1α-chromatin interaction becomes unstable. Aurora B-dependent phosphorylation at Ser 10 of histone H3 promotes the dissociation of HP1α from the chromosome arms (Fischle et al. 2005; Hirota et al. 2005) . Both Aurora B activation and POGZ binding contribute to the dissociation of HP1α from the chromatin, as well as the facilitation of CPC enrichment at inner centromeres. In late mitosis, CPC binds to microtubules at the spindle midzone and executes anaphase chromatid compaction (Carmena et al. 2012) .
POGZ-knockdown cells exhibit disruption of HP1α dissociation from the chromosome arms, and as a consequence, disrupted CPC translocalization. POGZ depletion also reduced the phosphorylation activity of Aurora B kinase (Nozawa et al. 2010 ). Similar to observations of POGZ depleted cells, Aurora B inhibition impairs CPC localization at centromeres during mitosis (Nozawa et al. 2010) .
As a result of POGZ deficiency, the majority of cells is unable to form metaphase plates, and will exit mitosis prematurely. One of the characteristic features of premature mitotic exit is the formation of polyploidy cells, which can lead to cell death or genome instability in OFC, occipital frontal circumference; M, male; F, female; %ile, percentile; UKN, unknown; N/A, not applicable; BL, bilateral.
subsequent division cycles. The POGZ deficiency phenotype is similar to that of loss-of-function mutation models of other CPC proteins: the mutant cells undergo multiple consecutive abnormal mitoses, producing polyploidy cells, which results in abnormal organ development (Hanson et al. 2005; Thornton and Woods 2009) . Mutations in genes, such as ASPM, that lead to defects in the mitotic spindle, cause congenital microcephaly and intellectual disability (Bond et al. 2002 (Bond et al. , 2003 Desir et al. 2008) . During prenatal development, haploinsufficiency of POGZ would be predicted to lead to depletion of neurogenic progeny, limiting the total number of neurons and resulting in microcephaly. Two of the patients had documented congenital microcephaly to support this mechanism. All mutations in our series are predicted to act as loss-of-function alleles and result in haploinsufficiency, either through introducing premature stop codons or abnormal splicing leading to nonsense-mediated mRNA decay. De novo loss of function mutations in POGZ have been identified in individuals with autism spectrum disorder, intellectual disability, and schizophrenia (Iossifov et al. 2012; Neale et al. 2012; Fromer et al. 2014; Gilissen et al. 2014; Deciphering Developmental Disorders Study 2015) . Similar to other genes that produce neurodevelopmental disorders, there is a range of related neurobehavioral phenotypes associated with POGZ that includes intellectual disability, autism spectrum disorder, and schizophrenia. The role of POGZ in mitosis suggests a possible role in regulating neuronal proliferation and could explain why patients with POGZ mutations are microcephalic and dysmorphic, including anomalies with craniofacial and limb development.
METHODS
Genomic DNA was extracted from whole blood from the affected children and their parents. Exome sequencing was performed on exon targets isolated by capture using the Agilent SureSelect Human All Exon V4 (50-Mb) kit or the Clinical Research Exome (Agilent Technologies). One microgram of DNA from blood specimen was sheared into 350-400-bp fragments, which were then repaired, ligated to adaptors, and purified for subsequent PCR amplification. Amplified products were then captured by biotinylated RNA library baits in solution following the manufacturer's instructions. Bound DNA was isolated with streptavidin-coated beads and reamplified. The final isolated products were sequenced using the Illumina HiSeq 2000 or 2500 sequencing system with 100-bp paired-end reads (Illumina). DNA sequence was mapped to the published human genome build UCSC hg19/GRCh37 reference sequence using BWA with the latest internally validated version at the time of sequencing, progressing from BWA v0.5.8 through BWA-MEM v0.7.8 (Li and Durbin 2009; Li 2012) . Targeted coding exons and splice junctions of known proteincoding RefSeq genes were assessed for average depth of coverage with a minimum depth of 10× required for inclusion in downstream analysis. Local realignment around insertiondeletion sites was performed using the Genome Analysis Toolkit v1.6 (DePristo et al. 2011) . Variant calls were generated simultaneously on all sequenced family members using SAMtools v0.1.18 (Li et al. 2009 ). All coding exons and surrounding intron/exon boundaries were analyzed. Automated filtering removed common sequence changes (defined as >10% frequency present in 1000 Genomes database). The targeted coding exons and splice junctions of the known protein-coding RefSeq genes were assessed for the average depth of coverage and data quality threshold values. Copy number variants were also called directly from the WES data (Retterer et al. 2014) . Whole-exome sequence data for all sequenced family members was analyzed using GeneDx's XomeAnalyzer (a variant annotation, filtering, and viewing interface for WES data), which includes nucleotide and amino acid annotations, population frequencies (NHLBI Exome Variant Server and 1000 Genomes databases), in silico prediction tools, amino acid conservation scores, and mutation references. Variants were filtered based on inheritance patterns, gene lists of interest, phenotype, and population frequencies, as appropriate. Resources including the Human Gene Mutation Database (HGMD), 1000 Genomes database, NHLBI Exome Variant Server, OMIM, PubMed, ClinVar, and Exome Aggregation Consortium (ExAC; URL: http://exac.broadinstitute.org) were used to evaluate genes and detected sequence changes of interest. The general assertion criteria for variant classification are publicly available on the GeneDx ClinVar submission page (http://www.ncbi.nlm.nih.gov/clinvar/submitters/26957/). Additional searches were performed using specific gene lists related to ID. Identified sequence changes of interest were confirmed in all members of the trio by conventional di-deoxy DNA sequence analysis using an ABI 3730 (Life Technologies) and standard protocols with a new DNA preparation.
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Database Deposition and Access
Whole-exome sequencing data are not publicly available because patient consent could not be obtained. These POGZ variants have been deposited in ClinVar (http://www. ncbi.nlm.nih.gov/clinvar/) under accession numbers SCV000240171 and SCV000240173-SCV000240178.
